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Tryptophan pvrrolase (peroxidase-oxidase), the enzyme which catalyzes the 
formation of formylkynurenine from tryptophan, has been found in the livers 
of a variety of mammals but not in other tissues (Knox, 1955). Knox and 
Mehler (1950) have demonstrated that the activity of the enzyme was greatly 
increased after the injection of tryptophan. Increased liver enzyme levels could, 
however, be produced by a variety of conditions other than injection of substrate. 
Such substances as histidine and tyrosine (Knox and Mehler, 1951) and histamine 
and adrenalin (Knox, 1951) when injected into intact animals produced increased 
activity of this enzyme. In adrenalectomized animals, liver enzyme activity was 
increased by injections of adrenocorticotropic hormone (Geschwind and Li, 1953) 
and the glucocorticoid hormones (Thompson and Mikuta, 1954; Knox and Auer- 
bach, 1955). Knox and Auerbach (1955) concluded that there were probably 
two types of inducing agents, the substrate and an adrenal hormone. 

More recently, Feigelson and Greengard (1961a) have demonstrated that rat 
liver tryptophan pyrrolase is activated by an iron protoporphyrin, probably hema- 
tin, located in the microsomes. Greengard and Feigelson (1961) further demon- 
strated that, following substrate induction, the enzyme was more fully activated 
or saturated by its hematin prosthetic group but following cortisone induction, 
this increased activation did not take place. These results further indicated 
alternative mechanisms for the initiation of enzyme induction by substrate and 
the steroid hormones. This conclusion has been substantiated by the recent work 
of Greengard, Smith and Acs (1963). These authors demonstrated that both 
inductions were prevented by puromycin, an inhibitor of protein synthesis. Actino- 
mycin D, however, an inhibitor of RNA synthesis, prevented the hydrocortisone 
induction of tryptophan pyrrolase but did not prevent the induction of this enzyme 
by its substrate. 

Nemeth and Nachmias (1958) and Anerbach and Waisman (1959) have dem- 
onstrated that mammalian tryptophan pyrrolase is present only in the adult liver 
and is absent in fetal liver. Nemeth (1959) measured enzyme activity and its 
enhancement by tryptophan injection in the liver of the guinea pig, rabbit, and 
rat in fetal and postnatal stages, including the adult. Injections of tryptophan 
did not increase enzyme activity in fetal liver, and the response to iljection in all 
species developed simultaneously with the rapid increase of enzyme activity to 
adult levels. Constitutive enzyme, therefore, had to be present before induction 
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could take place. Nemeth (1959), as a result of these investigations, concluded 
that the lack of response of fetal liver to tryptophan injections, as well as to 
adrenocortical hormones, suggests that substrate induction and adrenocortical se- 
cretiou are not the mechanisms controlling the increase in enzyme activity during 
development. 

‘There are two reports in the literature demonstrating substrate induction of 
tryptophan pyrrolase activity in early development. These are the reports by 
Stearns and Kostellow (1958) and Kostellow (1961), using dissociated em- 
bryonic cells of Rana pipiens, These investigators were not able to detect en- 
zyme activity in intact embryos before hatching but enzyme activity was detected 
in all cells of embryos dissociated into cell cultures at a stage prior to gastrulation 
and incubated in L-tryptophan. If [L-tryptophan was omitted from the culture 
medium no activity was detected. As gastrulation proceeded, the ability to be 
induced by L-tryptophan became progressively restricted to the lightest (in terms 
of density) endoderm cells. 

Kato (1959) attempted to repeat this work on Rana pipiens embryonic cells 
using Stearns and Kostellow’s procedures, Barth and Barth’s procedures for the 
preparation and cultivation of dissociated embryonic cells, and dejellied, but not 
dissociated, hemisected pre-gastrulae cultivated in Barth and Barth's medium. 
Kato demonstrated that tryptophan pyrrolase and formylase activity were not 
induced by substrate in anv of the three types of culture. 

Furthermore, Stearns and Kostellow (1958) were not able to detect g- 
galactosidase activity until some time after hatching. They were, however, able 
to substrate-induce this enzyme tn cells obtained from post-gastrula embryos and 
regarded this observation as premature activity. Kato, on the other hand, was 
able to find definite B-galactosidase activity in stage 12 embryos (Shumway. 
1940) but was not able to induce further activity in dissociated cells incubated 
in substrate. Spiegel and Frankel (1961, and unpublished results) have obtained 
results similar to those of Kato. Kato has suggested that Stearns and Kostel- 
lows results may have been due to a contamination of their cultures by bacterial 
cells which would have seriously affected the outcome of this sort of experiment. 

Recently Greengard, Smith and Acs (1963) have reported that the adrenalectomy 
of young rats shortly after birth does not affect the developmental increase of 
tryptophan pyrrolase activity. They suggest that this result indicates that a 
substrate-tvpe rather than an adrenocortical secretion-tvpe of regulation is in- 
volved in the development of tryptophan pyrrolase activity. They also demon- 
strated that treatment of young rats with actinomycin D had no effect on the 
postpartum rise of tryptophan pyrrolase activity. The role, therefore, of sub- 
strate-induction in controlling or regulating the synthesis of tryptophan pyrrolase 
is still open ta question. 

The results reported by Spiegel and Frankel (1961) with Rana pipiens 
embryos indicated that tryptophan pyrrolase activity was not detectable through 
stage 25 (Shumway, 1940) although activity in the amphibian adult liver was 
comparable to that found in mammalian adult liver, (Spiegel, 1961). Tt was of 
interest, therefore, to determine when activity does first appear during amphibian 
development and to determine, if possible, what the factors are which regulate 
the enzymes synthesis aud activity. Young tadpoles of Rana pipiens are very 
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small and it is necessary in order to assay for tryptophan pyrrolase to either 
homogenize the entire tadpole or to pool and assay the livers tediously dissected 
from a large number of tadpoles. The former procedure is open to a number of 
legitimate criticisms. For example, failure to detect activity may reflect either a 
dilution of activity by the “excess” tissues, or inhibition of liver enzyme activity 
by the "excess" tissues. The detection of activity may not be solely due to liver 
enzyme but to other sources. The latter procedure requires a great deal of time 
and the livers dissected earlier may lose activity during the accumulation of a 
sufficient number to do an assay. Freezing of livers would not obviate this diffi- 
culty, for Spiegel and Spiegel (unpublished results) have demonstrated a loss of 
activity in adult amphibian livers tollowing this treatment. 

For these reasons, therefore, tadpoles of Rana catesbiana, which have con- 
siderably larger livers than those of Rana pipiens, were chosen for this study. 
Tryptophan pyrrolase activity was determined through metamorphosis. During 
the course of this investigation, further confirmation of the results of Kato and 
of Spiegel was obtained. 


MATERIALS AND METHODS 


Larval stages and adults of the frog Rana catesbiana were collected in Massa- 
chusetts by the Supply Department of the Marine Biological Laboratory from 
ponds located in the Sippewissett area of Falmouth, Massachusetts. In Hanover, 
New Hampshire, larval stages were collected by the senior author from Occom 
Pond. Larvae and adults were maintained in tap water at room temperature. 
The water was changed three times per week. i 

For embryonic stages, eggs were obtained by pituitary injection of large adult 
females and fertilized by the usual method of stripping directly into a suspension 
of macerated testes in 10% Holtfreter’s solution, pH 7.8 (Holtfreter, 1931). The 
embryos were then washed three times with sterile 10% Holtfreter's solution, pII 
7.8, and incubated at 18-22? C. until the desired stage was attained. 

Since there is not any published description of developmental stages of Rana 
catesbiana, those of Shumway (1940) for the embryonic stages of Rana pipiens 
and of Taylor and Kollros (1946) for the larval stages of Rana pipiens were ap- 
plied to corresponding stages of ama catesbiana. This procedure has been 
adopted by Brown and Cohen (1958) and others. 

From the time of hatching until the cessation of feeding during metamorphosis. 
tadpoles were fed an excess of either Gaines Dog Meal (General Foods Corpora- 
tion, Battle Creek, Michigan) or Purina Rabbit Chow (Ralston Purina Co., St. 
Louis, Missouri) three times per week. 

Through stage 14 (Shumway, 1940), the method of Friedberg and Eakin 
(1949) of cutting embryos into halves and quarters to permit penetration of 
substrate was used. Accordingly, the jelly and vitelline membrane were removed 
by dissection with watchmaker forceps. Intact embryos, halves, and quarters 
were incubated for 12-24 hours in either full-strength Tloltfreter’s solution or 
0.03 M L-tryptophan (in full-strength Holtfreter’s solution). Cut embryos re- 
mained alive as indicated by normal closure of the cut surface in both media. 
After five washings with the control medium, tryptophan pyrrolase activity was 
measured in 12.5% homogenates by the Knox and Auerbach method (1955) as 
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modified slightly by Spiegel (1901). For stage 22 embryos 10756 lloltfreter's 
solution was substituted for the full-strength solution. In larval stages and in 
adults, livers were dissected out and liver enzyme activity assayed im 12.596 
homogenates as described above. It is important to note that, under these con- 
ditions, enzyme activity was direetly proportional to concentration of frog liver 
homogenate, The Knox and Auerbach method is based on the conversion of 
tryptophan to kynurenine which is the product actually measured during the 
assay. This conversion, however, is a two-step reaction, tryptophan pyrrolase 
catalyzing the first step, the conversion of tryptophan to formylkynurenine. The 
enzyme formylase, which catalyzes the conversion of formylkynurenine, the second 
step, is found in excess in mammalian liver homogenates and is not rate-limiting 
(Knox and Mehler, 1950). In all control and experimental frog livers and cut 
or intact embryos, no reaction products absorbing at 321 mp were detected. 
This indicated the absence of formylkynurenine, and formylase, therefore, is prob- 
ably present in excess in frog livers and is not rate-limiting. L-tryptophan, L- 
histidine (free-base), hydrocortisone acetate, and L-thyroxine were obtained from 
Nutritional Biochemicals Corporation, Cleveland, Ohio. llemin was obtained 
from Mann Research Laboratories, luc. New York, N. Y. All injections were 
given intraperitoneally. All enzyme activities were expressed in terms of moles 
of kynurenine formed per hour at 38? C., per gram dry weight of liver (or 
embryo) = standard error of the mean. 


RESULTS 


The results obtained with embryonic stages of Rana catesbiana were com- 
parable to those obtained for Rana pipiens embryos by Spiegel and l'rankel (1961). 
The data of 9 experiments with 3500 embryos per experiment indicated no 
constitutive tryptophan pyrrolase activity present in either blastula, mid-gastrula, 
or early neurula stages, using either intact embryos or halves or quarters of 
embryos. Furthermore, incubation in L-tryptophan failed to induce enzyme 
activity in these stages. Measurement of tryptophan pyrrolase activity revealed 
no constitutive enzyme activity in stages 17 and 22 embryos and no indication 
of activity was noted after tryptophan treatment. In view of the demonstration 
by Feigelson and Greengard (1961a) that tryptophan pyrrolase is activated by an 
iron protoporphyrin, probably hematin, the above experiments were repeated 
with 4 mpmoles of hematin (prepared by dissolving hemin in 0.01 N NaOIT) 
added to the assay mixture. In 5 experiments using 2400 embryos identical re- 
sults were obtained. There was no constitutive enzyme activity present in the 
above-mentioned stages and incubation in L-tryptophan failed to induce enzyme 
activity in these stages. 

Table | summarizes the results obtained with larval stages through meta- 
morphosis. [t can be seen that enzyme activity in two series of control animals, 
with and without injection of 0.65% sodinm chloride, steadily decreased from 
approximately 5 moles kvnnrenine per hour per gram dry weight at stage T to 
essentially zero activity by stage NXT. In other words, before the onset of 
metamorphosis and sometime after Shumway stage 22, liver tryptophan pyrrolase 
activity was roughly that found in the adult liver (Spiegel and Spiegel, unpub- 


TRYPTOPHAN PYRROLASE IN DEVELOPMENT SUI 


TABLE | 


Liver iryptophan pyrrolase activity of Rana catesbiana tad poles 





























SET umber of | Treatment Activity* 
I 92 | Tryptophan** 28:08 817 
87 0.65.5 NaC 4.45 + 0.26 
100 No injection 5.53 + 0.26 
27 ‘Tryptophan 13.32 + 0.70 
NI 16 0055. NaCl 12002047 
8 No injection Sods 0.39 
8 Tryptophan 8.87 + 0.29 
XVII 8 0.65°% NaCl 1.46 + 0.06 
17 No injection 1.32 + 0.43 
8 ‘Tryptophan 1.16 + 0.13 
KX 8 0.6555 NaCl 1,30) E 0:25 
15 No injection 0.68 + 0.12 
8 Tryptophan 1.62 + 0.31 
NONI 8 0.65 ^t NaCl 0.84 + 0.01 
13 No injection 1.43 + 0.46 
16 Tryptophan 2.17 + 0.04 
XXIII fbi 0.6505 NaCl 0.84 + 0.27 
7 No injection 0.96 + 0.43 
8 ‘Tryptophan 0.74 = 0.23 
NNV 8 0.65% NaCl 0.98 + 0.18 
8 No injection 0.94 + 0.42 




















* u Moles kynurenine formed at 38? C. per hour per gram of dry weight of liver + standard 
error of the mean. 
** 1.0 ml. injection of L-tryptophan (110 mg./10 ml. of 0.65%% NaCl). Assayed 5 hours 
later. 
*** 1.0 ml. injection. Assaved 5 hours later. 


lished results). By the end of metamorphosis, activity in the froglet had virtu- 
ally disappeared. Table I also demonstrates that substrate-inducibility was corre- 
lated with constitutive enzyme activity. Where the constitutive enzyme level was 
at a high level of activity, e.g., stage I, a 5-6-fold increase in activity was achieved 
following a single injection of L-tryptophan. At stage XIV, with constitutive 
enzyme activity at approximately 4 umoles of kvnurenine per hour per gram dry 
weight, a three-fold increase was noted following L-tryptophan injection. By 
stage NNV little or no constitutive enzyme activity was detected and no induc- 
tion was obtained by substrate induction. Experiments with stage XXV em- 
bryos, in which 4 mpimoles of hematin were added to the assay mixture as de- 
scribed above, did not produce auv detectable activity. 

It was thought that perhaps the loss of inducibility during metamorphosis was 
correlated with the changes in organs of the digestive svstem (other than the 
liver) which take place during metamorphosis (Kaywin. 1936). "These changes 
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TABLE I] 


Kflect (| varying the time after injection of tryptophan on liver tryptophan pyrrolase 
activity of tad poles 


Stage NIV Stage NNILI 


IE utra after e -5 


injection* = 3 = 2 
E Number of Number of 


Xctivity** Activity 











animals animals 
S 10 { TED ENSS il] 1:76:35 0:13 
12 12 14.89 + 0.43 D 159 E028 
17 12 12.54 + 0.61 i5 1.62 + 0.51 
29 13 13.72 + 0.84 8 1.23 + 0.09 


* 1.0 ml. intraperitoneal injection of L-tryptophan (110 mg./10 ml. of 0.65* NaCl). 
** uMoles kynurenine formed at 38° C. per hour per gram dry weight of liver + standard 
error of the mean. 


could have led to a decrease in the rate of uptake of L-tryptophan following an 
intraperitoneal injection. The assays described in Table I were carried ont 5 
hours after injection. .\ccordingly stages XIV and XNIII tadpoles were in- 
jected intraperitoneally with L-tryptophan and their livers assayed 5, 12, 17, and 
29 hours after injections. More L-tryptophan should be absorbed as the time 
after injection increased. It can be noted in ‘lable II, however, that no sig- 
nificant change in enzyme activity was noted during the 29-hour period. These 
results did not completely rule out the possibility of a change in substrate uptake. 
lt is possible that the substrate was metabolized at such a high rate that, even 
with increased time for uptake, blood and tissue levels in later stages did not 
reach levels necessary for induction to take place. 


Taser I 


Effect of hydrocortisone and L-histidiue ou tryptophan pyrrolase activity of tad pole livers 





| 
Developmental Nuniber ot "restent | Xctivity* 
| 














| 
stage animals | 
——— E = = = SS) - c = — — — 
| 13 | Hydrocortisone” | 332 «9:18 
SINS 8 | Hydrocortisone control*** | 4.09 + 0.38 
4 | L-Histidinet $54 220.26 
4 | L-Histidine controltft | 4.87 + 0.41 
4 lydrocortisone 1.28 + 0.46 
XXIII } Ifydrocortisone control | 0.84 + 0.27 
i L-Histidine | 0.70 + 0.42 
t L.-Histidine control | 0.93 E056 


* uMoles kynurcuine formed at 38° C. per hour per gram dry weight of liver = standard 
error of the mean, All animals sacrificed and livers assayed 5 bours after intraperitoneal injection. 
** 1 ml. injection of hydrocortisone (20 mg./1046 ethanol in 0.655% NaC. 
*** | ml, injection of 10* , ethanol in 0.654%, NaCl. 
T Yom]. injection of L-histidine solution prepared by dissolving 38 mg. L-histidine in 5 ml. 
of 0.05! NaCI + 2 ml. of 0.1 N NaOIT, pH adjusted to 7.0 by addition of 0.1 N 11Cl. 
Tt 1 ml. injection of 5 ml. of 0.65* | NaCl + 2 ml. of 0.1 N NaOH, pll adjusted to 7.0 by addi- 
tion of 0.1 N ICI. 


zu 
v~ 


TRYPTOPHAN PYRROLASE IN) DEVELOPMENT SUIS 


TABLE IV 


Effect uf. L-thyroxine treatment on tryptophan pyrrolusc activity of livers of 
stage I tadpoles 











Tadpoles cultured in 3 X 10°8 M | Tadpoles cultured in tap water 
L-thyroxine for 36 hours for 36 hours 
Treatment es =s a — — 
Number ot | esty Number of fe EUN 
animals Ec animals Activity 
"Try ptophan** 49 | 18.58 50 36.34 


065° o NaCl*** 50 | 4.18 50 6.89 





* u Moles kynurenine formed at 38° C. per hour per gram dry weight of liver. 
** 0,1 ml. intraperitoneal injection of L-tryptophan (110 mg./10 ml. 0.65 ^; NaCl) and 
liver assayed 24 hours later. 
*** 0.1 ml. intraperitoneal injection and liver assayed 24 hours later. 


In an effort to learn whether this loss of activity during metamorphosis was 
due to the progressive loss of ability of the adrenal cortex to synthesize steroids, 
tadpoles were injected with hydrocortisone and L-histidine. These compounds 
induce tryptophan pyrrolase activity in adult mammalian livers but not in adult 
Rana pipiens livers (Spiegel. 1961). Table IIT shows that hydrocortisone and 
L-histidine had no significant effect on the tryptophan pyrrolase activity of stage 
NIV-andEe*N 111 embryos: 

Tables IV and V demonstrate that culture of tadpoles in L-thyroxine solutions 
leads to a 30-50% loss in constitutive enzyme activity within 24-36 hours. They 
further demonstrate that substrate-inducibility in the tadpole is correlated with 
constitutive enzyme activity. In animals injected with L-tryptophan aud cul- 
tured in L-thyroxine, enzyme activity is usually less than half of that in animals 
injected with substrate and cultured in tap water. The degree of inducibility in 


TABLE V 


Effect of L-thyroxine treatment on inducibility, by tryptophan*, of tryptophan pyrrolase 
of livers of stage XIV tadpoles 














Tadpoles cultured in thyroxine** | Tadpoles cultured iu tap water 
Number of days | i rs 
cultured in solution NETT STAT. i R 
umber o Brera Nuinber o Activity 
animals Activity animals 

ji 4 7.20 2 14.18 

2 4 DEOS 2 18.39 

4 4 8.24 2 FESE 

6 4 3.02 2 14.28 

8 4 a9) 2 16.69 

















* Each tadpole was injected intraperitoneally with I ml. of L-tryptophan (110 mg./10 ml. 
0.65% NaCl) and its liver assayed 5 hours later. 

** Tadpoles were cultured in 3 X 1078 M L-thyroxine in tap water (1 tadpole/200 ml. 
solution) and solution was changed at 24-hour intervals. Controls were treated in same manner 
with tap water substituted for thyroxine. 

*** (Moles kynurenine formed at 38? C. per hour per gram dry weight of liver. 
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L-thyroxine is cousiderably reduced and the L-tryptophan injection. could not 
counteract tlie inhibitory effect of L-thyroxine, This result. further supports the 
repeated observation that the degree of substrate-induction of this enzyme, in the 
(rog. is correlated with the amount of constitutive enzyme in the liver. 

In an effort to learn whether the loss of enzyme activity during meta- 
morphosis was due either to a loss of an activator or conversely, to the appearance 
of an inhibitor, a series of experiments were carried out in which equal volumes 
of liver homogenates of L-tryptophan-injected stage NIV and NNIIL larvae 
were mixed together. The mixed homogenate, as well as the separate homogenates, 
were then assayed by the usual procedure. | L-tryptophan-injected tadpoles were 
used to increase the level of activity of the enzyme in stage XIV and, if possible, 
in stage NXIIL so that any marked change in activity of the mixed homogenate 
would be more reliable and within the sensitivity of the assay method. The re- 
sults of this experiment are summarized in Table VI. It can be noted that the 


FARE WL 


Effect on tryptophan pyrrolase activity of mixing stage XIV and stage XXIII 
homogenates of livers from L-tryptophan-injected* tad poles 














Type of homogenate** Number of experiments Activity *** 
Stage NIV 10 14.78 + 0.49 
Stage XXIII 10 0.71 + 0.03 
Stace NIN T NENG eta 10 3.25 + 0.44 


* Injected intraperitoneally with 1.0 ml. of L-tryptophan (110 mg./10 ml. 0.65%% NaCl) 
and livers assayed 5 hours later. 
** Prepared and assayed by the Knox and Auerbach procedure. 
*** Moles kynurenine formed at 38? C. per hour per gram dry weight of liver + standard 
error of the mean. 
**** Equal volumes. 


activity of the stage XIV homogenates was an average of 14.78 pmoles for 10 
experiments and that of stage NNIII homogenates 0.71 mole for 10 experi- 
ments. The expected value for the mixed homogenate (the average activity of 
the two separate homogenates) was 7.75 pmoles, A series of additional experi- 
ments with varying proportions of the two homogenates led to the same result ; the 
observed enzyme activity was always less than the expected value. These re- 
sults suggest the presence of an inhibitor of tryptophan pyrrolase activity in stage 
NNI liver homogenates. 


Discussion 


The observation that liver tryptophan pyrrolase activity appears sometime 
after stage 22 in Rana catesbiana embryos, only to be followed by its virtual 
disappearance by the end of metamorphosis and reappearance in the adult, is of 
serious consequence to. the developmental biologist who chooses to study the 
ontogeny of enzymes and structural proteins. Tyler (1957) and Spiegel (1960) 
have considered the possibility that proteins, during development, may change 
in their solubility and/or intracellular location. If these events occurred, it would 
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lead to difficult and often misleading interpretations of data of analyses obtained 
using a single method of extraction. Indeed, Solomon (1959) has elegantly 
demonstrated changes in solubility for the enzyme, glutamic dehydrogenase, in the 
developing chick embryo. The finding that an enzyme confined, as far as is 
known, to a single organ can virtually disappear and then reappear later in de- 
velopment is, as far as the authors are aware, without parallel. 

The results obtained in this investigation do not, of course, rule out the possi- 
bility that the larval enzyme is a quite dilferent protein(s) from that of the 
adult as, for example, is the case for fetal and adult hemoglobin (Shelton and 
Schroeder, 1960) or for the isozymes of lactic dehydrogenase in developing 
mouse muscle (Markert and Ursprung, 1962). Further investigations of these 
possibilities are being carried out in our laboratory at the present time. 

Regardless of the outcome, the results obtained with tryptophan pyrrolase, 
the hemoglobins, lactic dehydrogenases, and other proteins amply illustrate the 
complexity of carrying out studies on the synthesis of proteins in development. 
In particular, the earlier approach to the problem of ontogenetic changes in pro- 
teins, in which organ and tissue extracts containing numerous soluble macro- 
molecules of unknown function are analyzed by a variety of biochemical and 
immunological techniques, is difficult and perhaps impossible to interpret with 
meaning. The use of numerous proteins of unknown function(s) for studies 
in development decreases the probability of interpreting the molecular events in- 
volved in the developmental process. 

The finding that tryptophan pyrrolase cannot be precociously induced in the 
bullfrog embryo by its substrate in the absence of demonstrable amounts of 
coustitutive enzyme activity is in agreement with the earlier observation by 
Spiegel and Frankel (1961) for Rana pipiens embryos and by Nemeth (1959) 
for fetal livers. The demonstration of a positive correlation between constitutive 
enzyme activity and degree of substrate-inducibility serves as additional confirma- 
tion of this observation. It should be made apparent, however, that failure to 
precociously induce enzyme activity by injection of, or culture in, L-tryptophan 
does not rule out the possibility of a substrate-type of induction occurring intra- 
cellularly during development. Secondly, the possibility exists that, under the 
conditions employed for culture of early embryos, the cells were impermeable to 
substrate. Finally, it is possible that the failure to induce enzyme activity by 
substrate in larval stages may be due to a failure of the gut wall and lining 
of the body cavity to absorb appreciable amounts of L-tryptophan. The fact that 
tadpoles stop eating during metamorphosis would appear to reinforce this 
explanation. Enzyme activity would presumably decrease in the absence of food 
(and presumably of L-tryptophan). An attempt to explore this possibility 
through the use of perfused livers by the techniques of Goldstein, Stella and 
Knox (1962) has not been successful thus far. All attempts in our laboratory 
(unpublished results) of perfusing tadpole and adult frog livers with and without 
L-tryptophan solutions have led to a rapid loss of constitutive enzyme activity and 
a failure by substrate to induce or even maintain activity. The demonstration of 
the presence of an inhibitor in stage NNIIT tadpoles indicates that, at least for 
later stages, a mechanism of inhibition operates rather than the absence of sub- 
strate in regulating tryptophan pyrrolase activity. 
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The failure of either hydrocortisone or of L-histidine to induce liver trypto- 
phan activity in stages NIV and NNI is not unexpected. Spiegel (1961) has 
demonstrated. that hydrocortisone, L-histidine, cortisone, and adrenocorticotropic 
hormone (ACTH) fail to induce enzyme activity in the livers of adult Rana 
pipiens. ‘This finding is in direct contrast to the mammalian data in which en- 
zyme activity can be induced in adult livers by these substances. It should be 
pointed out, however, that Nemeth (1959) failed to obtain induction in mam- 
malian fetal livers (in which constitutive enzyine activity is lacking) by either 
substrate or adrenocortical hormones. The failure of adrenal steroids to induce 
activity in the amphibian is indeed puzzling. Schotté and Chamberlain (1955) 
and Schotté and Bierman (1956) have furnished evidence for the existence of a 
pituitary-adrenal axis for regenerative processes in the urodele. Regenerative 
capacities of the hypophysectomized newt were restored when injected with either 
ACTH or cortisone. Furthermore, Schotté and Wilber (1958) have furnished 
additional evidence indicating the existence of this synergism in Rana clamitans 
and Rana pipiens. Levinsky and Sawyer (1952) have demonstrated that ACTH 
can partially counteract the decrease in water-balance response to pitocin fol- 
lowing hypophysectomy of adult male Rana pipiens. The suggestion by Spiegel 
(1961) that the amphibian adrenal cortical hormones are different from those 
of the mammal remains as an explanation of the failure of the mammalian hor- 
mones to induce enzyme activity. Secondly, the alternative pathway of enzyme 
induction by steroid hormones, as indicated by the work of Knox and Auerbach 
(1955) and Greengard, Smith and Aes (1963), may not be present in the 
amphibian. An analysis of additional steroid-inducible systems in the frog is 
of importance in this respect, 

The observation that a decrease in the constitutive and inducible activity of 
liver tryptophan pyrrolase occurs following culture of tadpoles in L-thyroxine 
solution is simular to the decrease in changes in succinoxidase activity of the bull- 
frog following thyroxine treatment (Paik and Cohen, 1960) and duplicates the 
naturally occurring event during metamorphosis. While it is attractive to think 
of thyroxine as the inhibitory agent, little information is available to shed light on 
this hypothesis. When thyroxine has heen added to the assay mixture in varying 
amounts, no in vitro effect has been observed in either larval or adult liver 
homogenates (Spiegel and Spiegel, unpublished results). 

Of extreme importance is the finding that stage NNIIT tadpole livers contain 
an inhibitor of tryptophan pyrrolase activity. The data, however, can not be 
interpreted in terms of apoprotein concentrations. At least two possibilities exist. 
Stage ANHE tadpole livers may contain appreciable amounts of apoprotein which 
is inhibited or, secondly, there may be no significant amounts of apoprotein present, 
The recent isolation. of the apoprotein of mammalian. tryptophan pyrrolase by 
Feigelson and Greengard (1961b), if adaptable to the frog liver, will permit. the 
evaluation of these possibilities. The data do not permit the identification of 
the inhibitor substance as a repressor of genetic activity (Jacob and Monod, 1961). 
Their hypothesis is so attractive, however, to the developmental biologist, that 
further experiments must consider it. 


TRYPTOPHAN PYRROLASE IN DEVELOPMENT SHUT 


SUMMARY 


1. Liver tryptophan pyrrolase activity was studied in embryonic, larval, and 
adult Rana catesbiana. Constitutive enzyme activity appeared after Shumway 
stage 22, disappeared during nietamorphosis, and was again detected in appreci- 
able amounts in the adult. 

2. Substrate iuducibility was positively correlated with constitutive enzyme 
activity. In no case was enzyme activity induced by substrate in the absence of 
detectable constitutive enzyme activity. 

3. Culture of tadpoles in thyroxine solutions led to the suppression of enzyme 
activity. 

4. L-histidine and hydrocortisone had no effect on liver tryptophan pyrrolase 
activity. 

5. The appearance, during metamorphosis, of tryptophan pyrrolase activity was 
described. 

6. 'The implications of these findings were discussed in terms of further ex- 
periments on the ontogeny of macromolecules. 
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